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Abstract

A comprehensive analysis and comparison of lightning
return stroke models is presented. A brief description of
the lightning process and deviations of the equations for
calculating the electric and magnetic fields at points on
the ground and at points at altitude for an arbitrary cur-
rent waveform are also presented. The models analyzed are
the Bruce-Golde model, Uman's transmission line model (the
breakdown pulse current not attenuated), and Uman's model
using an attenuating breakdown pulse current. Plots of the
electric and magnetic fields that these three models pre-
dict for various distances and altitudes and different
parameters (rise and fall time of the current) are included.
The above three models along with a recently modified
version of Lin's model (where the breakdown pulse is attenu-
ated) are then compared with recently acquired lightning
return stroke electromagnetic data. The data was obtained
simultaneously on the ground and at various altitudes in a

WC-130 aircraft in South Florida.
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AN ANALYSIS AND COMPARISON OF LIGHTNING

RETURN STROKE MODELS AT ALTITUDE

I. Introduction

A study of how much energy from a lightning-sourced
electromagnet (EM) field couples into and affects modern
aircraft is necessary to insure continued flight safety.
Modern aircraft are more susceptible to lightning phenomena
because of tne increased use of smaller (and therefore
faster, lower capacitance, and lower voltage) electronics
and new carbon composite structural materials in their
design {(Baum, 1980a; Master, 1981).

Due to their higher operating speeds and lower
capacities, modern electronic devices are more responsive
or "resonate" at higher frequencies and can be destroyed
at lower voltages than their preodecessors.

The use of composite 1is highly Jdc¢sirable because
of its lower cost, lighter weight (and therefore lower fuel
costs), and its lower radar return signature (e.g., stealth
aircraft) as compared to the more conventional use of
aluminum. The lower radar rcturn these composite materials
offer is due to their ability to absorb electromagnetic

cnergy as opposed to reflecting 1t as aluminum does. This,
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however, also results in a very major disadvantage in

using composite materials, that of allowing any undesirable
external EM energy into the aircraft. Therefore, these
composite materials provide less protection or "shielding"
of the aircraft interior to external EM radiation. This
means that more energy from the high-frequency, high-
voltage lightning can transfer or "couple" into the
interior of an aircraft and jeopardize flight safety by
destroying electronic components or causing data and soft-
ware errors in the on-board computers (Baum, 1980).

In order to be able to accurately calculate the
amount of energy due to lightning that couples into an
aircraft, one must first have an accurate model of the
lightning process. Lightning has been studied and modeled
for many years; however, it has always been done from a
surface of the Earth standpoint. ©Not until recently
(Master, 1981; Pitts and Thomas, 1980; Baum, 1980b) have
researchers been studying lightning at altitudes and try-
ing to write equations to predict the EM fields at those

altitudes. The only such modeling of the EM fields pub-

s
lished at this time is one done by Uman, et al. which uses
[- a slightly modified version of the most recent model of
k.-
“. ground data put forth by Lin, et al. (Master, 1981).
!
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Problem

The problem of this thesis is to investigate the
results of applying other models for analysis and compari-~
son with data taken at altitudes and determining how well
those previous models predict the data. Also, one new
mecdel which utilizes the modification Uman has made to

Lin's model (Master, 1981) is investigated.

Scope

This paper briefly describes the lightning process,
presents the theory for calculating the electric and mag-
netic fields, presents two past models of lightning and
one new model, presents the results of those three models
(predicted values), and then compares the three méd;ls with
actual data.

The three models are:

1. The Bruce-Golde model

2. Uman's transmission line model

3. Uman's transmission line model with a height-
dependent attenuation

Each of these models has advantages and disadvan-

tages for use over the other models.

Presentation

Chapter II gives a brief description of how the
lightning process occurs and defines pertinent terminology.
Chapter II11 derives eguations for calculating the electric

3
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and magnetic fields at points on the surface of the Earth.
Then the more general eguations for calculating the EM
fields at altitude are presented. Chapter IV discusses
the advantages and disadvantages of each of the three
models relative to each other and relative to Master's
recent study {(Master, 1981l) which uses a slightly modified
form of Lin's model. Chapter V presents the graphical
results of the three models and a discussion of how each
of the models varies as a function of distance, height,
and lightning parameters and compares each with actual
data. Chapter VI discusses the results of this research

and makes some conclusions and recommendations.
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II. Background

Lightning Process (Uman, 1969)

Lightning is defined as a "transient, high-current
electric discharge whose path length is generally measured
in kilometers [Uman, 1969:1]." The discharge occurs when
one region of space contains enough charge or voltage poten-
tial relative to another region. When the charge differen-
tial is sufficient to cause electrical breakdown of the
air between the two regions, the discharge or lightning
occurs.

The build-up of electrical charge occurs most often
in thunderclouds; although, lightning also can be produced
by snowstorms, sandstorms, and the clouds over erupting
volcanoes. Sufficient charge regions to produce lightning
have been reported to exist even in clear air (Uman, 1969:1).

As shown in Figure 2.1, the major region of posi-
tive charge build-up occurs at the top of the cloud (P).
Moving down from the top of the cloud, it becomes less
densely positive, eventually becoming weakly negative and
then becoming strongly negative (N). At the very bottom
tip of the cloud, there is a weak positive region (p).

The lightning flash can be of several types. The

most common is called intracloud lightning. As the name

Ty
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Fig. 2.1. Typical Charge Distribution in a South
African Thundercloud According to Malan (1952, 1963).
Eilcectric Field Measurements Show Typically P=+40 coul,
N=-40 coul, and p=+10 coul (Uman, 1969:3).
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Time: Scale is Distorted for Clarity. (b) The Same Lightning T
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Film (Uman, 1969:6).
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indicates, intracloud lightning takes place within the

cloud itself. Another category of lightning is called

P | TP

cloud-to-cloud lightning. Other types of lightning are
heat, sheet, ribbon, ball, rocket, and bead lightning
(Uman, 1969:13).

The type of lightning one usually thinks of at
the mention of lightning and is the most commonly studied

and written about is called cloud-to-ground (CG) lightning,

WY WY DU, N SR

sometimes referred to as streaked or forked lightning.
This 1s the type of lightning that this thesis will inves-~

tigate.

A

The CG lightning flash is made up of individual

discharges called strokes. There is always at least one

stroke per flash, typically there are three or four. As
many as 26 strokes have been reported in one flash (Uman,
1969:10). Each stroke, in turn, is made up of two parts:

the leader and the return stroke. The leader generally

propagates from the cloud to the ground and is usually

negatively charged. Relative to the return stroke, the

leader transfers less charge.

(TN .

The first leader in a flash is called the stepped
leader. The reason for this terminology is that moving
film, fixed lens cameras (e.g., a boy's camera) show that
this leader propagates in segments or steps (typically 50
meter lengths) with pauses of approximately 50 usec

between steps (Uman, 1969:5)., A stepped leader would show
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up on a streak film as a luminous step, a dark period, a

new luminous step with a faint channel above the new step

R

to the cloud, a dark period, a new step and faint channel,
a dark period, and so forth. The stepped leader is usually
_i strongly branched downward and is thought to originate due
F . to electrical breakdown between the N and p regions of

the cloud (Uman, 1969:5) shown in Figure 2.1.

'! Once the stepped leader propagates to within a few
hundred meters of the Earth (ground or zero potential),

f electrical breakdown between the high potential (usually

[ ] negative (Uman, 1969:10)) of the leader and the ground
occurs. When the upward moving ground potential contacts
with the leader, a short-circuit-like situation exists.

At this point, an upward moving wavefront of ground poten-
tial starts (the return stroke). The wavefront travels up

the same channel that the leader came down (including any

"branches"), eventually grounding-out all negative charges
that were in the leader. The return stroke is the main
discharge in a flash and carries the larger currents.

The first return stroke in a flash (i.e., the

return stroke following the stepped leader) will travel

up the channel at a constant velocity until it reaches the
:. first branch point. At this point, the channel luminosity
increases (called a branch point}, then the return stroke
will continue at a slightly slower velocity until the next

L branch point, and so on. An increase in the luminosity
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of the entire cloud-to-ground channel is known as an M
component.

I1f the return stroke channel is allowed to decay
for more than approximately 100 msec after it reaches the
cloud, the lightning flash is ended. If, however, more
negative charge is made available to the channel (appar-
ently from higher in the N region of the cloud) and the
channel is still sufficiently ionized (typically less than
100 msec after the return stroke ends}, then a secondary
leader can start. This new leader is called a dart leader.
It will follow the same main channel that the stepped
leader and return stroke used (i.e., no "branching").

The dart leader appears to propagate an order of magnitude
faster than the stepped leader, but carries less charge.

Unlike the stepped leader, the dart leader will
tend to get closer to the ground because the channel is
still ionized. Then a new return stroke occurs; however,
these secondary return strokes travel at a constant
velocity, presumably due to the lack of "branching" in the
dart leader. Also, these return strokes tend to have
higher velocities and transfer less charge than initial
return strokes. This leader-return-stroke sequence will
repeat until the charges in the cloud are sufficiently

depleted.

Strokes carrying positive charge to Earth have been

observed via direct measurements during discharges to

9

vwe

e e

PRPY PP S S B

A8 4 AN ss & s

VO PP R P U U ey




[' o T R S A A S A A AR A RARIEEPEL At f T w T e Ty
[
£ N
4
P
. -
’. q
P-
b
.
' instrumented towers (Uman, 1969:10) in addition to upward
F , . . s
!‘ propagating leaders carrying both negative and positive i
{ charges with no apparent return stroke (Uman, 1969:11).
These types of lighting flashes will not be investigated
F in this thesis. Ps
. Table 2.1 from the book Lightning (Uman, 1969:4)
shows some of the pertinent parameters for the stepped
T .
{ leader, the dart leader, the return stroke, and the light- i
; ning flash. .
)
1 Assumption N
.«
, As stated earlier, this thesis is concerned with %
i j
. B
8 investigating cloud-to-grcund lightning flashes; specifi- ]
cally, we will calculate the EM fields at various points - y
in space under various conditions for each of four models. %
These calculated values will be compared to experimentally
obtained values. From this comparison a qualitative judge-
ment of the "goodness" of each model performs. Since the 2

r

t EM fields are of concern here, only the return stroke is
of interest due to its much larger peak current relative
to the leader (thereby producing larger EM field values).

Other assumptions used in this study are the fol-

lowing: y
C - ®
1. Free space permitivity (60 = 1/367x 10 9) and i

permeability (ug = 47X 1077 . ?
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2. The Earth is a flat, perfectly conducting,
infinite ground plane.

3. Constant velocity of propagation.

4. Only secondary return strokes are investigated.

5. The channel is straight and vertical.

6. The channel will be modeled as a transmission
line.

The third and fourth assumptions are interrelated
in that a constant velocity is only a valid assumption on
analyzing secondary return strokes. The choice of secon-
dary return strokes prevents the difficulty introduced
when trying to functionally describe the velocity of a
return stroke that changes at every branch point as is the
case for first return strokes. ’

Another reason for studying only secondary return
strokes comes from the lack of definitive knowledge of the
EM fields due to the stepped leader/initial return stroke
process. Measurements of the first stroke show that the
fields have a slower initial rise time than secondary
strokes. Many researchers believe the slower rise time of
first strokes is due to the interaction of the slow, down-
ward propagating stepped leader and the simultaneous upward
moving ground leader before it contacts the stepped leader.
Whereas dart leader, traveling an order of magnitude faster
than the stepped leader, down an already ionized channel,
tend to get closer to the ground before the return stroke
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begins, resulting in a faster initial rise time of the EM
fields. All this, however, is not clearly understood and
therefore most return stroke studies deal only with secon-
dary return strokes as will be the case in this thesis.

The channel will be assumed to be straight and
vertical. Some studies show that path tortuosity does
not affect the induced EM fields (Pearlman, 1979), whereas
other studies show that path tortuosity does have an
effect (Levine, 1979). The matter of path torfuosity is
as yet in dispute and this thesis is not concemed with
rezsolving the issue; therefore, because it is easier to
model the lightning channel as straight and vertical, it
will be so modeled in this thesis as it is in most other
studies not concerned with investigating path tortuosity
effects.

Lastly, the channel will also be modeled as a
transmission line or antenna of finite length. 1Initially,
in the first two models, the line will be lossless. For
the second two models a more realistic loss factor (attenu-
ation) is introduced. Throughout this thesis the trans-
mission line will have matched impedance loads at both
ends. Naturally, the lightning channel, as can any trans-
mission line, could be modeled as a lumped parameter cir-
cuit (e.g., an LRC network) as is done in a study by Little
(Little, 1978). This thesis will use more conventional
transmission line analysis methods.
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III. Theory

EM on the Ground

Since it is assumed to be straight, the lightning
channel can be looked upon as a vertical antenna with a
finite length. The analysis is done using the same methods
as used by Uman (Uman, 1975). Figure 3.1 shows the
lightning model and the parameters of concern for deter-
mining E and B at point P on the ground.

Beginning with the time-dependent Maxwell's equa-

tion in free-space,

V-E=p/€0 (1)

V .B =20 (2)

V x E = -3B/3t (3)
- — 1_3—§_

VXB—UOJ+:§ZH: (4)

and their general solutions in terms of retarded scalar

and vector potentials,

oA

E = - Ve -3 (5)

(6)

wl
i
<1
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Fig. 3.1. Definition of Geometrical and Physical
Parameters Uscd in Roturn Stroke Modeling for Points on the
Ground (Lin, 1978:27).
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where

I

$(xr,t) Z%E—_/g'%p(?',t—R/c)dv' (7)
0

= scalar potential

u
A(T,t) = Z%. v’ T(X7,t-R/c)dv” (8)

= vector potential

N °0¢ _
vV A + 'a—t—o (9)

1
2
c

The scalar and vector potentials are based on the geometry

shown in Figure 3.2.

The problem is to analyze a straight vertical
antenna of length H that lies perpendicular to a perfectly
conducting ground plane. Boundary conditions dictate the
existence of an image antenna of egqual length below the
ground plane as shown in Figure 3.2. The antenna cross-
section is much less than the radiation wavelength. The
current, i{z,t), 1s a continuous function and is zero
everywhere for t<0.

— A

Since i(z,t) lies along the z-axis, r~ = za
and

J(TX’,t-R/c)dv” = i(z,t—R/c)szZ (10)

To derive the differential magnetic field, d§R, due

to an infinitesimal current element on the real antenna,
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the Time-Dependent Maxwell Eguations (Uman,
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Fig. 3.2. The Geometry for General Solutions of
et al.,

1969) .
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start with Maxwell's equations. Equation (6) becomes

dB. = V x dXR (11)

To £ind dKR, substitute (10) into (8) to get

- Ho Y -
AR(r,t) = Z?_/; R 1(z,t~R/c)azdz (12)

which means

=
(@]

1 . N
R 1(u,t—R/c)azdz (13)

Q.

g
s

"
4l

7o convert Equation (13) from cylindrical to spherical

coordinates, let

4 =4 cosbt -4, sin 9.
z r )

Cguation (13) becomas

i(z,t-R/c) [a_cos - &, sin 8] dz (14)

ig
R 47

eIl

= aArar + dAﬁaG + dA¢a¢ (15)

Substitute Lqguation (14) into Eguation (11l) to get




PP

- 1 S . 4y _ 8 -
SBg = 3 Rsin? 79 (day sin¥) 77 (dAy)]

-1, 1 0 3
* 3 g lginy gy (ARg) - gr (RAAY)]

~ o a 3 6
+a, [;g (REAZ) - 737 (dAR)] (16)

By comparing Eguations (14) and (15), it is seen that

dAr. = 0. Also, da

) R has no dependence on ¢; therefore, the

derivatives with respect to ¢ are zero (i.e., ¢/3d = 0).

Equation (15) becomes

g =

0
(-R 7=

AT i(z,t-R/c) sin ¢ dz]

o
>
o=
Q.I w
2y
el

i(z,t-R/c) cos & dz}}

!
Q.
%
>
=
e Lo

u
0 1 .. 2 .
& AT {—iiSln\AaR i(z,t-R/c)

1]
>

|-

sin Zi(z,t-R/c})} dz (17)

XS]

1

Using the identity

L 1 ¢
TR i{(z,t-R/c) = - 3t i(z,t-R/c)

Eqgquation {(17) becomes

i L = 2 0 < L 1 (7 .+ = o)
@BR = 2,77 sin= { 5 i(z,t=-R/c)
R
+ L 2 i(z,t-R/c)] Az (1)
cR it !
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s montioncd carlier, boundary conditions reguire
an imaginary differential current element with the sams

magnitude, direction, and distance below the ground plane

current clement abova the plane. Now proceed

)

cal
to calculate the differential magnetic field, dBI, due to
an infinitesimal current element as was done for the real

current element above to find

= . S B
aB_. = aﬁ—g sin & [-—= 1i(z,t-R/c)
I 24T 2
R
1 5 i(z,t-R/c)] d
+ R 5L i(z,t c)] dz
= dBR

The total differential magnetic field is the sum

cf the fields due to the real and imaginary currents.
Tnus
d = ie) + AR
d dB“ 51
~ 6 .. .
= a4 = Sln:;[J; i(z,t-R/c)
2m 52
I
- L 2 i(z,t-R/c)] dz (19)
T SR U cre
9 rind the electric field due to the infinitecsimal
|
N real current by starting with Dguation (5)
.
B
l 21
@
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First, di, is needcod. Get 1t by solving Eguation (9)
for %
. - 1 93
SR NPT
c
. 2 —.
g, = -c~ V- ALt (21)

Since Equation (9) involves the derivative of 9 with
rezspect to time, integrate Equation (21) over time to undo

the derivativa.

The differantial scalar potential du= to the real current

elemant being

. t
- <z - A5 . P,
f;R(n,t) = -C Jf .- aAde (22
0 3

Taking the divorgence of Equation (14) results in

"
cos>{== [Ri(z,t-R/cC)]

A}
2

I

e i :2
V da -

[£]

o

- 2i{z,t-R/c) !

Substituting this into Eguation (22) and noting that

uoc = l/ao yilclds

to
ro
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- 1 1 T -
a: (®,t) = 5= cos v [—5 i{z,T-R/c) d=
R =40 <

« L iz, t-r/0)) (23)

Nons tare the negative gradiont of Lguation (23) to geot |

o)
~d:_ = a cos 9 [—= i(z,t-R/c)
R r 4 _0 ch
I |
+ 3/ i(z,7-R/c) dz
B 0

[. + T i(z,t-R/c)]) dz
c R
{ .t
+ 3 1 z sin ¢ [~l-/ if{z,Ti-R/c)dr
R 0

d

r}‘ time and get

"

"

'e !

. ; - . 0 .1

: da_ = — [=cosi — 1i(z,t-R/c)]d

- t P 9y 47 ‘R St (z,t-R/c)]dz

| ]

.
A TR A T . _

+ a. w— [=sin® — i(z,t-R/c)]dz 25

L 4T [KD Lt ( ’ / )] ( )

| Pinally, to find the differential electric field due to

‘urr=nt c<lement, add Egquations (24) and (25)

o+
{
—
o
[}
[
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= 1, I
GEP = T ices v [—= i{z,1-R/c)ért
D) R Y0
2. P
+ —=5 i(z,t~R/c) !4
2 r
cR
1 t
+ sint (5 / i(z,7-R/c)at
R™ 0
1. 1 5 . s e
+ —— 1i(z,t-R/c) + — —= i(z,t-R/c)]1&.1dz (26)
2 2 st I
CR c R

The electric field due to an infinitesimal imaginary

current element can be found in a similar manner with, as

shown 1in Figure 3.1, © replaced by 7 - 8. The result is

- 1 2 [t
dE; = g7:— {—cosfik—g./. i(z,T-R/c)dar
0 R 0
2 . A
+ 5 1(z,t--R/c)]ar
cR I
1 t
+ sin€<ﬂ~§ jﬂ i(z,T-R/c)ar
R™ ¥0
l . l C‘ . A 5
+ —% ilz,t=R/c) + —— -y i(z,t-R/c)la_ }dz
ck” c“R ° I

(27)

Bafore adding Equations (26) and (27) to gct the

R’ ée, éR . and
I
56 need to be converted to common terms. The four unit
I
vectors can pbe broken up into two components: a vertical

total electric field, the unit vectors a

component (a_) and a horizontal component (a,). From
<
Figure 3.1 it is seen that
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i = -aa + a.a
“r z 2z HYH
_ LT 0 Tha
= - gin h’"é)az + cos(a-—-z—)aH
= cos© A + sin® 3 28
z ° H (28)
. = -a a a_a
o 2%z HH
T A LT,
= ~pos(&-§)a —SLn(:-E;aH
= -sin¥ 4 + cos‘® a {29) .
Z H q
1
a =a a + a,a
r AR HH -
I .
r
= cos (7-7)&_ +sin (T7-2)&
( ) , +ts { ) 4
= -cosfa_ + shuféH {30)
4
&. = -a a_ + a,a
os HH
I y
i
= - 3in (7-%)a_  +cos (T-v)éH ]
= -sint 4 -cos%a 31
Z * 9y ( )

The total differential electric field is the sum

fields due to the real and imaginary currents.
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Thus, with appropriate substitutions of Equations (28),

(29), (30), and (31)

dE = dE_ + dE

1 2 rt
= — {cos ¢ ['—3f i(z,t-R/c)drt
R 0

+ _Z_ i(z,t—R/c)](cosﬁéz+sinSéH)

N
-

+ sin<3[3§ /ﬁ i(z,T-R/c)dT + —lg if{z,t=-R/c)
R™ 0 cR”
+ L % i(z,t-R/c)] (-sin € 3 _+cos 6 4.) }d
IR i(z, 2/c) i (-sin a_tcos ©ag)idz
C R
t
+ 43; {—coséf[i% jr i(z,T-R/c) 4t
0 R 0
2 . ’ -‘ :\‘ ~ . Is ~
+ > i(z,t-R/c) ] (- cost a + sinft a_ )
cR 2 H

1 [t 1
+ sin‘ﬁ[—g J[ i{(z,1-R/c)ds + — 1(z,t-R/c)
0 cR

1 3 : - L e A 1
+ 5 % i(z,t-R/c)] (- sin¢ a_-cost aH)sz
C R
t
= Zi {coszi [3%,/‘ i(z,7-R/c) 4z
) R 0
2 , "
+ 3 i(z,t-R/c)la }dz
CR
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2 ¢ -
- 5=—{sin" © —f i(z,1-R/c)dr i
=0 rR> Y0
-
|
1 1 3. aA s
+ = i{(z,t-R/c) + TS 1(z,t-R/c)]az;dz .
CR c“R °©
1 1 2. .2 £ -4
= 5 [ (2cos™ -sin™ ) i(z,7-R/c)dr Py
Zn e S
0 R 0 1
+ —% (2cos™8 —sinza)i(z,t—R/c)
CcR o d
[ ]
- L % iz, e-R/c) 14 az (32)
C2R at ' z
Using trig identities
2. .2 1 1 -
2¢cos 2 -sin"t = 2 x Tz(l+cosze) - —2—(1—00525)
1 3
= < 2 a
> + 5 Cos 29
= %(l + 3 cos2t)
4
1 .2
=§(l+3(l-251n ) ]
o)
= 2(1+3-6sin0) 4
2 N
= 2 - 3 sin (33) 1
b4
- Substituting Eguation (33) into Eguation (32)
4
L)
{ {
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t
GE = i 14 (2-3sin?8) [ i(z,t-r/0)ax
0 R 0
1 .2 ,
+ (2-3 sin” B)i{z,t-R/c)
CR

. 8 . ”~ -
- :'Ll SlnzaTE (Z,t—R/C)]aZGZ (34)
C

To get the magnetic and electric fields due to

the current along the entire length of the channel, inte-

SN —— Dl R A M R S Sl A SNt St S S

a cammma_e - 4 .

P VRN

grate Equations (19) and (34), respectively, from zero to

maximum height, H.

v

T v

U e Rkl
: L )

la @t

B_(D,t)
v

o,

dB. (R, ?,t)dz

sin ¢[ i(z,t-R/c)
2

If
é>~\
jos]
NI
alo

!

~

= i(z,t-R/c)laz
¢t

]~

,C‘
o

[,

= == /A — sin® i(z,t-R/c)dz
<0

{% i(z,t-R/c)dz

+
NP

é?‘j;
Sl

H 7 t
= f 1 [% (2-3 sin” v)f i(z,7-R/c)ds
0 2';0 R 0
(]
28
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A
g
1, L2 .
- + =5 (2-3 sin" 9)i(z,t~R/c)
F cR y
d q
[ 3 ‘
- L % i(z,e-R/0) 1az
2. 9t
c R
t
_ 1 /H L 2-3sin? ez [ iz, 1-R/0)as )
21;0. 0 R 0
H 1
+ L [ L (2-3sin” 6)i(z,t-R/c) dz ]
700 cR 5
H 2 7 q
N %f —5—sin®8 =% i(z,t-R/c)dz (35) |
"“0“0 c“r ¢ 4
. : . . :
The first term 1n Equation (35) 1is called the !
induction cor intermediate term. The second term is called
the radiation or far-field term. The terms in Equation (36)
are called the electrostatic, the induction, and the radia-
tion terms.
Because of the integral of the current, the electro-
static term should have the liongest lasting effect on the
electric field. It should result in a theoretically con- ]
g
stant value (actually it would slowly decay) in the elec- 1
A
tric field. Due to the l/R3 dependence, the electrostatic )
term has less effect the further away the calculated point .
is from the return stroke.
4
The induction terms also have less effect on the ]
1
EM {ields, but do not drop off as fast as the clectrostatic
t2rm since the induction term is dependent on l/R2;
( therefore, the induction term has a longer effect on the
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field (in terms of distance away from the return stroke)
than does the electrcstatic term. DBecause it is a scaled
value of the current, the induction terms should produce
a hump in the field.

The radiation terms have the most effect on the .

fizlds the further from the return stroke cne gets. This
is due to it having only a 1/R dependence. Also, due to
[! its partial derivative with respect to tim= dependence, it
will be predominate in the first few hundred nanoseconds
(until the peak of the current) after the return stroke .

1 starts.

LM Evarvywnere
Eguations (25) and (36) are good only for calcu- 1

lating the electric and magnetic fields at points on the

-1

ground plane. Using methods similar to dariving Egquations

(35) and (36), equations for determining the E and B at

any polnt in space can be derived.
Looking at Figure 3.3, it is szen that the dis-
tance from the real current element to the {icld point,

R and the distance from the imaginary current element

RI
to the field point, RI, are no longeor always ecqual. Also,
the inside angle botween RI and the vortical is no longer

T - . Taking these two differences into account, Equation
(2%9) with Lguations (28) and (29) cubstituted and noting

that sin . = D/P.R and cos . = (li~A=-z) /P, becomes
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2 2 t
_ DHA = ~» -
gE_ = L ((2A=z) D i(z,7-R_/c)at
R 477e 5 R
0 R 0
R
2 2
¢ 2HA=2) =Dy, toR _/c)
oR 4 R
“R
| p? o . R /)14 g
] -C_.a‘RQ?TEl(Z't_RC)]aZ X
f R ]
r— il
{ 30 (HA=z) [ ° . "
{ + T=el f i(z,T-R_. /c)drT
3 R D 0 I3
R
{, + ﬂ(HA__ZZ)_ i(Z,t-RR/C) ':
t' CRR -
{ ;
> j
- ' - 1
~r + Rig—A—-——IZ-)— E j.(Z,t-RR/C)]ér}dZ (37) p
;‘ c R !’
g R
. Comparing Equation (37) with the eguations found
( in Master, et al. (Master, 1981), it is seen that Eguation .;
{37) iz egulvalent with different notation. ]
The differential magnetic field for all points in ]
3
' space is simply found by letting sin{ = D/R, in Equation )
‘Y
(18) to get 4
= _ Li0 b . _ :
c:sR =37 T3 i(z,t RR/C) .v
R b
§ §
1
D o .. .
+ — i(z,t-R_/c)ldza,. (38)
2 -t R : R
CR <
R J
9
32
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which 1s equivalent to the cguations found in Master, et al.
{Master, 1981) with appropriate notational changes.

The electric and magnetic fields dus to the differ-
¢ntial length image current element is found by substituting

R for RR and -z for z into Eguations (37) and (38). The

rosulting de and dEI are added to get the total differen-

tial electric field dE. Likewise, dB is obtaianed by adding
GBR and dBI'
The E and B are found by integrating dE and dB from

z=ro to H, respectively. Finally, it is found that

H t
T(D,Ha, t) L [f 3D(HA-z) [ i(z,1-Ry/c)dzaz
0

5
RR 0

. f'H 3D (HA+2 ) t

0 —= /. 1(—zI,T-RI/c)dezI

R /0
I
B 3D (HA-2)
4.J[ 2DUA2) (2, t-R /) dz
R
0 cRR

+ J[_H 3D(z+zI)
0 —_— 1(-zI,t—RI/c)dzI

2, 3 4t

H o
. / DUIA~Z) = 5 (z,t-R_/c)az
R
0 c RR

. /f'H D(HA+z )
Yo 53 % 1(—zI,t—RI/c)dzI]ar

]
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and

T ——"

1 fH 2(HA—2)2
+ [
4TC 0 R 5
R

5
I

+j"H 2(HA+ZI)2-—D2 .t
0 ‘]0 J.(-zI,L—RI/c)d.dzI

+ 2 (HA ZL i(z,t-Ry/c)dz
0 cR
R
. j"H 2 (HA+z_)
0 3 i(-—zI,t—RI/c)dzI
CR
I
B 2,
- [ 53 3% 1(z,t—RR/c)dz
Y0 ¢ R
R
f"H p? 3
- —  —— i(-z_,t-R_/c)dz_iaz (39)
0 C2R 3 9t I I I
I
: H
_ H D . .
B(D,HA,t) = Z% [f 3 1(2,T—RR/c)cz
T O R
R
f i(-z I,'E-RI/c)dzI
j 23—t‘l(ZtR/C)dZ
/ —E 1(-zI,t-RI/c)dzI]a¢ (40)
34
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D2 t
= f i(z,T-R./c)dTdz
0 R
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2. L
(D2+ (HA~2z) ") ¢

5.
o
%
t
D
o]
i}

1.

2 2!
(D°+ (HA+z) ") ¢

&}
&
[&)
ool
I

Just as was szen in the E and B equations for

ground pcint calculations, the electric field has an electre-

static toerm, an induction term, and a radiation term in both

the vertical and horizontal directions. Obviously, since
it is the samec eguation, the magnetic f£ield still has an
induction term and a radiation term in the ¢-direction.

The characteristics of these terms as discussed in the pre-

vious s=ction still hold.
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As was menticned ir Chapter I, this thesis investi-

gates threse models of the current in the lightning channel.

1. i(z,t) = Io[exp(—1t)—exp(—$t)]

2. i(z,t) = Io[exp(—i(t—z/v))—exp(—:(t—z/v))]

3. i(z,t) = Io[exp(—a(t~:/v))-exp(—i(t—z/v))]
expl{-z/%)

The first model is called the Bruce-Golde (BQ)

Fh

modal. It was first proposed by Bruce and Golde in 1941.
It consists of a uniform current that propagates up the
channel. This uniform current has a time-dependent decay
factor (in the form of a double-exponential) applied to it.
The BG mcdel can be thought of as returning charge stored

in the corona envelope surrounding the lightning channel to

(Golde, 1977:331; Lin et al., 1980). Tigure 4.1

'«
o)

roun
pictorially diswvlays this model.

An advantage of the BG model is that its simplicity
pvrovides casy calculations of the EM fields. A disadvan-
tage of the BG model is that it is physically untenable
because it has a discontinuity at the leading edge of the
current. Also, the timz-dependent decay results in the
curraent channel botween the leading edge and the ground

changing uniformally and equivalently throughout. This

36

b N W N N Y ST S S S N T . T T T




. S "!1141414411A|1'<|lv¢.14‘141.1\l]!lﬁ|1|1\ ;
. . i e .

W . .

PN

T{90T:QL6T ‘UTTY (T TOPOW) 19POW Op[on-20nag agy jo
HOLINQIIIS T JUDIAND Sy} JO uorjeaiysulll |t b4

Uy,

- r——" r v
' 1 '
[ ' v -
e bk

(2]
-

o~
po

—
-d
o

L T T T T T .

i / T [
’ i =
“ /./ I JA 7
t : I . B
' b 1
R e n .
' . 13 L z ‘3ylray
ST
e ' z Z
" .~ -s I = Z
' 2.
I
v ¢y qe NH
'
i
'
) M
beyescvnuyy Sininiathiiiait ¢ ¢ - M
m.llll \ 14 = = .
/l\ ._
I mu Te mH m
i

)
)
N
¢
\)
)

!

Y

C om s m P oa




v or =

T Bt

% 7R R AN
-

i

Chan i g g

v P e B an am i T
‘—“r.l."dv,‘-'. '

d

B P

x5 ¥ T,

PR,

| LI

Lo

gans the channel must be able to instantaneously transfer
charge from any point along the channel to ground.

Another disadvantage to the BG model is that the velocities

]

nd peak currents it predicts seem to be distant dependent
{Lin, 1978:128; Lin et al., 1980).

The second model was first proposed by Uman and
McLain in 19€69. Uman and MclLain's modz2l is commonly known
as the transmission line model because the negative z/v
ractors in the exponentials cause the pulse to propagate
up the lightning channel as it would up a transmission
line. (Uman and Mclain used a non-exponential pulse in
thelr model, but in this paper the pulse will be modeled
as a double-exponential.) The current in this model does
not represent a removal of charge from the corona; rather,
it represents an impulse-like current due to the atmos-
prheric breakdown between the end of the leader and the
start of the return stroke. TFigure 4.2 shows ths current
reprecsentation in this model.

The advantage to the transmission line model 1is
that it is more physically reasonable than the BG model;
there is not any discontinuity of the current at *he lead-
ing edge nor are there any instantaneous charge transfers
through the channel. Another advantage of the transmission
line model 1s that it provides easy analytical computation
of the EM fields relative to more recent models (i.e.,
Lin's model, 1978).
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Lin (1978) showed that a primary disadvantage to
Uman and McLain's model is that it reguires the propagating
pulse to have a much shorter duration than direct measure-~
ments showed to be the case (Lin, 1978:128). Another dis-
advantage of the transmission line model is that it pre-
dicts peak currents generally greater than 30 kA and often
as high as 50 to 100 kA; however, direct measurement shows
the peak current to be usually on the order of 10 kA
(Lin et al., 1980). Yet another disadvantage of this model
1s that for far-fields, it predicts the occurrence of a
"mirror image" effect that rarely occurs in the data
({Master et al., 1981).

The third model is the same as the second model,
but the breakdown pulse undergoes attenuation as it propa-
gates upward through the channel. The reason for adding
this attenuation is twofold: (1) In 1980, Jordan and Uman
showed that the channel luminosity (and hence, by implica-
tion, the current) decreased with height. (2) Allowing
the breakdown pulse to attenuate to a negligible value
whan 1t reaches the top of the channel should greatly reduce
the undesirable "mirror image" effect (Master et al., 1981}.

Because the pulse current is modeled as a double-
exponential, the current function in the third model becomes
viry close to the corona current that Lin uses in his model
(explained bzolow). The differences are that in the third

model in theilr thesis the time constants in the double-
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exponential (: and £} are such that a much faster rise angd
fall time occurs and that the corona current in Lin's model
(and the BG model) does not propagate (no z/v factors in
the expcnentials).

The advantage to this model is that it is some-
what more physically realistic as outlined above; essen-
tially, the transmission line is now no longer lossless.

As mentioned in Chapter I, one model has been
analytically examined at altitude. That model is a modi-
fied form of Lin's model. Lin's model consists of three
currents:

1. Dbreakdown pulse current,

2. unifo;m_current, and

3. corona current that "turns on" after the peak

cf the breakdown pulse current has passed (Lin, 1978).

Originally, the breakdown pulse current did not undergo any

attenuation. 1In this fourth model, however, the breakdown
pulse current is attenuated as it is in the third model
(Master et al., 198l). Fig. 4.3 pictorially represents
Lin's model.

The advantage to Lin's model is that it has been
shown (Lin, 1978) to more closely predict the EM fields

than the BG or transmission line models. The disadvantage

is that it 1is much more analytically complicated to predict

the EM fields with this model.
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Looking at the above models,

DL AR AN s s Bhaie)

one notices that

there are gencrally three phvsical characteristics of the

lightning being taken into account in the form of currents.
J g g

These three currents are:

1. current due to the atmospheric breakdown,

having an impulse-~like structure,

2. constant uniform current due to the leader, Ie;

and

3. current due to the charges stored in the corona

envelopée going to ground, Ic‘

Also, the currents have three types of attenuation

or decay:

1. no attenuation or decay {(e.g., the second model) ;

2. height-dependent attenuation

and

3. time-dependent decay

fexp(-2/X)]

(e.g., the pulse current in the third and fourth models);

[exp(-at) —exp(-2t}]

{2.9., the corona current in the first and fourth models).

The first and second models have been analvzed and

compared only at ground level.

The third model has never

before been analyzed or compared with data.

mcdel has been analyzed at altitude

but has yet to be compared to any real data.

. 2. . N _,_"-.r . . .
LN LAY I DA A S U W N AR I W . ) »
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The fourth

(Master et al., 1981)
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El V. Analysis

heoretical

-

In the theoretical analysis, computer solutions to

|1

Equations (39) and (40) for each of the three models were

.

2D aus SN aue o
. .

found. Figures 5.1 through 5.36 are the electric field

predictions and the units on the vertical scale for all of

T

them 1s volts per meter. Figures 5.37 through 5.72 are

the magnetic field predictions with units of webers per

¢ sguare meter on the vertical scale.
; For each model, the rise and fall time for the 1
pulse or double exponential was varied. Each model was ‘

t‘ analyzed for the following rise and fall times: i
1. 500 nsec rise time, 10 usec fall time i

i 2. 1 usec rise time, 25 usec fall time ;

?! 3. 2 usec rise time, 50 usec fall time 1

E For each rise and £fall time, the distance was 3

5 varied. The distances selected were one kilometer, five ?

]

r’ kilometers, ten kilometers, and one hundred kilometers. '
Finally, at each distance, the fields were calcu-

: lated at ground level, fifteen hundred feet, five thousand

e

thousand fect. All six al+titudes for each distance are in

bt

one figure. The top left graph 1n <«ach figure represents

1

L feet, eight thousand feet, fiftcen thousand feet, and thirty
F

44
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aground level; the center left graph represents fifteen

‘ hundred feet; the bottom left graph represents five thousand

-,

! feet; the top right graph represents eight thousand feet;
the center right araph represents fifteen thousand feet;
!i the bottom right graph represents thirty thousand feet. '
The distances and altitudes used were chosen to

: correspond with both experimental data (taken in August

~ YT
s

[! 1981) and with the predictions by Master (Mastecr et al.,
1981) .

Table 5.1 shows the breakdown of the electric and
[ ¢ magnetic field figures for the various paramsters.

in any of the plots, the radiation term predominates
at the start. This is because the fast rise time of the cur-
rant yields a large positive value for its derivative with
respect to time.

The initial radiation effect in the first model 1is

generally shorter in duration and magnitude than in the
second and third models. This 1is due to the pulse not

propagating in the first model. Initially, the radiation

term predominates because of the fast rise time of the cur-

rent; however, the derivative is at i1ts maximum at the

beginning and immediately starts dropping off, eventually

¢ going to zero. As the radiation term drops off, the induc-

L. T

- tion term (and the electrostatic term in the electric

: field) 1is getting larger. 1In the first model, the current ]
¢ is represented by a propagating uniform current that ]
45
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changes amplitude according to a double exponential;

nowhare
double exponential shape be seen
time) .
exponential shape is always seen along the channel

it reaches the top)

gating pulse.

the height ©f the return stroke at any instant of

not include

i1t would be

The

1s that the

is slightly

dependent attenuation (e

the

Conseguently,

integrating from the

along the channel at any instant of time
(and hence, the

In the second and third models, however,

fast rise time in the first model

can this

rise

the double

(unti

since these two models use a propa-
ground to

time would

whereas

included in the second and third models.

difference between the second and third mcdels

‘nitial peak or effect of the radiation term

less in the third model because of the height

).

In the

first few hundred

nancseconds during which the radiation term predominates,

the pulse has not propagated very far up the channel and

consequently the attentuation has little although notice-

able effect at this point.

mode

In the work done by Master et al.

1l (Master et al.,

using the Zourth

it was seen that atternuating

the breakdown pulse did not much affect the fZields on the

ground at all distances and the fields at all attitudes

beyond ten kilometers.

This was due to the radiation term

predominating the initial portion of the fields while the

pul

iy

Lattar portions of the

2 is near the ground and not having much attenuation.

fields are due to

48
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corcona currents which did not change from Lin's original
model (Master et al., 1981). :;
1
In comparing the second and third models, it 1is
sean that there is quite a difference between the two
models at all distances and all altitudes. This would be ':,
due to there being no uniform and corona currents to pre- .é
» dominate later portions of the fields. i
E Another difference between the two models is that ]é
{ the third model has essentially gotten rid of the undesired |
"mirror image" effect. This is due to the pulse having
!
[ been greatly attenuated by the time it reached the top of .’.
S 4
the channel. ‘
Looking at Figures 5.1 through 5.72, it is seen
that the positive portions of the electric field decrease .i
while the negative portions increase. This is especially ]
true in the second and third models. Eventually, above a -
certain altitude (higher with increasing distance), the ]i
field becomes essentially totally negative. This is appar- ]
ently due to more of the channel lying below the local '
)
horizon of the observation point. “
In the plots of the electric and magnetic £ields ‘
predicted by the second and third models, it 1is seen that K
at a given distance as altitude increases, the maximum 31
magnitude increases while at the same time the field becomes :q
more and more impulsive. This could be due to a decrease :f
5
; in the effect of the radiation term due to the time ]:
: 49 ;
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derivative gains to zero after thirty to forty microseconds;
therefore, the induction term tends to predominate during

the impulse period.

Exparimental

Peall

In comparing the theoretical data to experimental
data, what was looked for was similarity in the general
waveshape. The overall magnitude was not considered
important since the peak current, IO, is a multiplying con-
stant that can be pulled out of the integrals of Equaticns
(39) and (40). This means that if a model predicts a field
with a shape closely corresponding to experimental data,
but whose overall magnitude is off, the predicted field can
be easily amended by simply increasing or decreasing IO
accordingly. The value of Io needed to predict both the
shape and magnitude of experimental data does become impor-
tant when the IO necessary to closely approximate data
falls outside the range of typical values--ten to twenty
kiloamps--as is the case in the second model (Lin et al.,
1980) .

Data from the measurements of the electric and
magnetic fields of two return strokes (not of the same
flash) are used in this thesis. The data for the first
event includes simultaneous electric field measurements on
the ground (Figure 5.73) and at 1500 fect (Figure 5.74)

at a distance of ten kilometers from the channel. Data feor
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the second event consists of only an electric field measure-
mznt at 8300 feet (Figure 5.75). All data used in this
thesis was measured in an analog FM channel with 500 kHz
bandwidth in either a ground station or an Air Force WC-130
aircraft sponsored by the Flight Dynamics Laboratory at
Wright-Patterson AFB, Ohio.

Other data at this writing is still being pro-
cessed. Also, other data was processed and available but
did not closely fit the points at which the fields were
theoretically predicted. Data was also taken with a VHF
system; this data was preferred over the FM data but was
unavailable for use in this thesis.

Looking at Figures 5.73, 5.74, and 5.75 and taking
into account and accepting the possibility of data inver-
sion, the modified Lin model used by Master et al. 1is
clearly the best fit. However, the only conclusion that
could be drawn from this comparison is that Lin's modified
model as presented in Master et al., 1981 best fits experi-
mentally measured data at ten kilometers for ground level,
fifteen hundred feet, and eight thousand feet; the question
of model performance for other distances and altitudes
still remains unanswerable at this time. Even at that, a
conclusion of this nature is not well supported due to the
limited amount of experimental data. Clearly, more data
for comparison purposes is needed to draw a valid conclusion

of the performance of these four models.
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VI. Conclusions and Recommandations

Conclusions

The only conclusion that can be drawn at this time
1s that the modified version of Lin's model (Master et al.,
1981) best predicts the measured data at a distance of ten
kilometers at ground level, fifteen hundred feet, and eight
thousand feet. For other distances and other altitudes

more data 1is needed.

Recomraondations ]

The first recommendation is to obtain more of the
data that the Flight Dynamics Laboratory of Wright- i
Patterson AFB, Ohio collected in Florida in August 1981.
At this writing, much of the data was unavailakle for use
in this thesis due to incomplete processing, noct fitting

the theoretically predicted data points, or poor resolu-

e e AN v -

tion. Clearly, more data is needed in order to draw a good,
valid conclusion as to which model performs best under ‘

various conditions.

Another recommendation is to analyze the three cur-

rents of Lin's model separately. This would give more con-
clusive evidence as to which currents predominate at vari-

ous times in the calculations. Along those same lines, it

may prove fruitous to analyze each of the currents separately
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in terms of the electrostatic, induction, and radiation
fields they produce.

A third recommendation is to theoretically analyze
these models at distances closer than one kilometer and
at distances between ten and one hundred kilometers. This
would not only allow the use of more of the experimental
data but provide more insight to the more affecting (to
the aircraft) closer lightning flashes.

Another recommendation is to do some analysis of
the models for faster rise times. Recent data has shown
that some return strokes may have rise times as fast as
cne hundred nanoseconds {private conversation with Dr.
Pete Rustan, Fall 1981).

Final recommendations are to put some sort of decay
or attenuation on the leader current in Lin's model and to

model the channel with an unmatched load at the top.
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